Extensive measurements are conducted in room environments at 60 GHz to analyze the channel characteristics for various channel configurations. Channel parameters retrieved from measurements are presented and analyzed based on generic channel models. Particularly, a simple single-cluster model is applied for the parameter retrieval and performance evaluation. By this model, power delay profiles are simply described by a K-factor, a root-mean-squared delay spread, and a shape parameter. The considered channels are configured with the combination of omnidirectional, fan-beam, and pencil-beam antennas at transmitter and receiver sides. Both line-of-sight (LOS) and non-LOS (NLOS) channels are considered. Further, to evaluate the transmission performance, we analyze the link budget in the considered environments, then design and simulate an OFDM system with a data rate of 2 Gbps to compare the bit-error-rate (BER) performance by using the measured and modeled channels. Both coded and uncoded OFDM systems are simulated. It is observed that the BER performance agrees well for the measured and modeled channels. In addition, directive configurations can provide sufficient link margins and BER performance for high data rate communications. To increase the coverage and performance in the NLOS area, it is preferable to apply directive antennas.
INTRODUCTION
In recent years, intensive efforts have been made worldwide for the application of high data rate wireless communication system in the frequency band of 60 GHz [1] [2] [3] [4] [5] . Special features of the radio propagation in this frequency band, namely high penetration loss of construction materials and severe oxygen absorption, and broadband spectrum (common bands of 59-62 GHz worldwide) make it suitable for the deployment of high data rate short-distance communications [3, 6] . Recently, the IEEE 802.15.3 Task Group 3c was formed to standardize the 60 GHz wireless personal area network (WPAN) systems, which will allow high data rate up to 3 Gbps [5] . Even higher data rate requirements would be expected in the future. The low-cost and low-complexity implementation of such systems requires a suitable channel model for the characteristics of the 60 GHz radio propagation, which can be used for the codesign of RF front-end and baseband processing. To this end, this paper will focus on channel modelling, model parameter retrieval, and system performance evaluation over 60 GHz channels.
One of the biggest challenges for designing a high datarate 60 GHz system is the limited link budget due to high path loss during radio propagation [3, [5] [6] [7] . For a fixed separation between transmitter (TX) and receiver (RX), the propagation loss at 60 GHz is about 30 dB higher than at 2 GHz in free space. In this sense, it is preferable to employ high-gain directive antennas, especially for a fixed point-to-point application. Thanks to the relatively small dimensions of 60 GHz antennas, an alternative to high-gain antennas is to use highly flexible antenna arrays for adaptive beamforming. On the other hand, an omnidirectional antenna might be used in some applications where a full coverage is required.
For most 60 GHz applications, the transmitter and the receiver will keep stationary, and the time variation of the channel will be introduced by moving objects due to the Doppler effect. In particular, the movements of human bodies within the channel will cause significant temporal fading and shadowing effect, whose level depends on the moving speed, the number of persons, and the propagation environment [8] [9] [10] . The remaining significant impact on the system caused by the radio channel is the frequency selectivity due 2 EURASIP Journal on Wireless Communications and Networking to multipath effect, which induces intersymbol interference (ISI) in communication systems [11] [12] [13] [14] .
Multipath propagation in indoor environments is strongly affected by the dimensions of the environment and the density of furnishings. The influence of the environment on the channel can be noticed in the power delay profile (PDP), which describes the span of the received signal over time delay. In a local area within a range of tens of wavelength, cluster-wise arrival behavior of scattered waves has been observed from measurements and the average PDP is formulated by multicluster models [15] [16] [17] [18] [19] . In a global area such as a room environment, the average PDP is exponentially decaying over delay in addition to the direct path [20, 21] . In this single cluster model, a constant-level part might appear before the decaying part caused by the elevation dependence of antenna radiation patterns and the height difference between the transmit antenna and the receive antenna [21] . The impact of various PDP shapes on system performance has been considered in [12, 22, 23] . There they conclude that as long as the root-mean-squared (RMS) delay spread of the PDP is small compared with the symbol duration, the profile shape has a negligible impact on system performance, but the performance is strongly influenced by the RMS delay spread.
The purpose of this paper is to analyze the 60 GHz channel characteristics and to evaluate the system performance for various channel configurations. Due to the simplicity and the directness of the relationship between RMS delay spread (RDS) and PDP, the simple single-cluster model is applied to retrieve model parameters from measurements and used to evaluate the system performance. The structure of this paper is as follows. In Section 2, we give an overview of the generic theory for radio channels. In Section 3, channel measurements will be described in indoor environments for various antenna configurations. Then, channel parameters are retrieved and analyzed from the measured data. Particularly, the shape parameters of power delay profiles are retrieved to distinguish the channel characteristics of various configurations. Next in Section 4, we analyze the link budget and then simulate an equivalent baseband OFDM system for 60 GHz radio applications. The coded/uncoded BER performance is evaluated and compared for the measured and modeled channels. The BER performance for various channel configurations is also analyzed. Finally, conclusions are given in Section 5.
INDOOR CHANNEL THEORY
In a typical indoor radio environment, over a distance of as short as half a wavelength, the magnitude of the received signal will be subject to a rapid variation by as much as tens of dBs. This variation of the received signal is called channel fading and is caused by the propagation of multipath waves in addition to the line-of-sight (LOS) wave. For the 60 GHz radio applications in indoor environments, it is highly likely that the receiver can only be used within a single room, for example, an open office, where the transmitter is located, due to high penetration loss caused by its construction materials.
In this case, the multipath waves are mainly the reflected or scattered waves from main objects such as the walls, furniture, the floor, the ceiling. In a local area, the rapid variation of the received signal envelope is called small-scale fading and can be characterized by a Rician distribution [1, 13, 24] . When there is no contribution from a specular path such as the LOS path, the fading becomes Rayleigh distributed. The local mean of the received signal also varies over distance but much less rapidly. This slower variation is caused by the furnishing and the structure of the room environment. When measured over distances of several hundred wavelengths, the slow variation is called large-scale fading that is highly dependent on the distance. The large-scale variation can be empirically characterized by two multiplicative terms: an exponentially decaying term over distance and a log-normal distributed term with the standard deviation highly dependent on the environment [1, 13, 25] .
For a wideband transmission system, the complex lowpass impulse response of a Rician channel is modeled as a direct or strong specular path plus N independent Rayleigh fading paths and can be expressed by 1
where α 0 e jφ0(t) is the response of the direct or strong specular path which stays stationary in a local area, {N , α n , φ n , τ n } are randomly time-varying variables: the number of multiple paths, the amplitude, phase, and arrival-time of the nth path, respectively. The time dependency of the channel is introduced by arbitrary movements of the transmitter, the receiver or other objects. Since the path number, the amplitude and the arrival-time are relatively static in a local area, the time dependency is omitted here. A Rician K-factor is usually used to characterize the Rician fading channel and defined as the ratio between the powers contributed by the steady path and the scattered paths, that is,
where 2σ 2 is the mean power of the scattered paths. For physical channels, it is reasonable to assume that the channel statistic is stationary or quasistatic, that is, widesense stationary (WSS), within the time duration of one transmitted symbol or one data package. Moreover, signals coming via different paths will experience uncorrelated attenuations, phase shifts, and time delays, which is referred to as uncorrelated scattering (US). The assumption of WSSUS for physical channels has been experimentally confirmed and widely accepted in literature [9, 13, 24, [27] [28] [29] . Under the WSSUS assumption, the autocorrelation of the complex impulse response h(t, τ) will be only dependent on the time difference and satisfies
Furthermore, the average power delay profile of the channel is defined as the autocorrelation function when Δt = 0,
which is the average of instantaneous power delay profiles in a local area. From the average power delay profile, the RDS σ s can be defined by
with the mean excess delay τ = N n=0 τ n P(τ n ), where it is assumed that N n=0 E{|α n | 2 } = 1. RDS is generally used to characterize the time dispersion of the channel.
The equivalent complex channel frequency response H(t, f ) is written as
α n e j(φn(t)−2πτn f ) (6) which is the Fourier transform of (1) over τ. Under the WS-SUS assumption, it can be shown that the frequency autocorrelation function of H(t, f ) does not depend on the specific frequency and can be written as
with
represents the channel coherence level over the frequency separation Δ f . The coherence bandwidth B c is defined as the largest frequency separation over which the correlation |φ H (Δ f )| is not smaller than a level, for example, 0.5 or 0.9. The coherence bandwidth is a statistical measure in characterizing the frequency selectivity of a channel.
The transmission channel can vary over time due to Doppler effect caused by moving objects or moving antennas at the transmitter or receiver side, which results in a spectrum broadening. Compared to the dramatic phase change caused by Doppler effect, the amplitude and the incident angles stay quasistationary. When the receiver is moving at speed v, the phase of the nth path is generally modeled by [30, 31] 
where φ n is the phase when the channel is static, f c the carrier frequency, c the speed of light, and θ n the angle between the moving direction and the incident direction. When the angles of arrival of the multipath components are uniformly distributed in all the directions in a horizontal plane, a "U"-shape Doppler spectrum, that is well known as the classic 2D Clarke's model, will appear [30, 31] . When a specular path exists in the channel, a spike will appear in the Doppler spectrum. The 2D model can be further extended to 3D models [32, 33] , which might be suitable for indoor wave propagations. For most applications of indoor 60 GHz radio systems, the transmitter and receiver are stationary and the time variations of the channel are actually caused by moving objects. Then, the phase of the nth path reflected at a moving object with the speed v becomes [34] 
where θ n is the reflection angle of the path at the moving object and ϕ n the angle between the direction of movement and the direction orthogonal to the reflecting surface. In a similar way, the Doppler shift caused by multiple moving objects can be expressed. The resulting Doppler spectrum will show a "bell" shape, which has been observed from measurements [8, 9, 28] . Proportional to the carrier frequency, the Doppler effects at 60 GHz are relatively severe. For instance, a moving object at a speed of 2 m/s can lead to a Doppler spread as large as 1.6 kHz. For a fixed application, Doppler effects caused by moving objects can be significantly reduced by employing directive antennas or smart antenna technologies, as long as the signal path is not blocked by objects. But for directive configurations, once the direct path is blocked by moving objects, the communication link can be completely lost [8, 35] .
CHANNEL MEASUREMENTS AND ANALYSIS
In this section, statistical channel parameters are retrieved from channel measurements conducted in room environments and analyzed for various antenna configurations.
Description of environment and measurements
An HP 8510C vector network analyzer was employed to measure complex channel frequency responses. During measurement, the step sweep mode was used and the sweep time of each measurement was about 20 seconds. Channel impulse responses were obtained by Fourier transforming the frequency responses into time domain after a Kaiser window was applied with a sidelobe level of −44 dB. Three types of vertical polarized antennas with different radiative patterns, that is, omnidirectional, fan-beam, and pencil-beam antennas, were applied in our measurements. Parameters of these antennas, half power beamwidth (HPBW), and antenna gain, are listed in Table 1 .
Two groups of measurements were conducted in room A and B separately on the 11th floor of the PT-building at Eindhoven University of Technology. The plan view of the rooms are given in Figure 1 . The dimensions of the rooms are 11.2 × 6.0 × 3.2 m 3 and 7.2 × 6.0 × 3.2 m 3 , respectively. Both rooms have a similar structure. The windows side consists of window glasses with a metallic frame one meter above the floor and a metallic heating radiator below the window. The concrete walls are smoothly plastered and the concrete floor is covered with linoleum. The ceiling consists of aluminium plates and light holders. Some large metallic objects, such as cabinets, were standing on the ground. Note that in room A, three aligned metallic cabinets are standing in the middle of the room and two metallic cable boxes with a height of 3.2 m are attached to the brick wall side 2. The space between cabinets and ceiling has been blocked by aluminum foil for the ease of the measurement analysis. Table 2 lists the measurement system configurations and scenarios. In room A, at both the transmitter and the receiver side, we use the same type of omnidirectional antennas. Three height differences of TX-RX were considered, namely, 0.0, 0.5, and 1.0 m (denoted by OO 0.0 , OO 0.5 , and OO 1.0 for three cases, resp.). Both LOS and non-LOS (NLOS) channels were measured in room A. In room B, a sectoral horn antenna with fan-beam pattern was applied at the TX side and located in a corner of the room at the height of 2.5 m. At the RX side, we used three types of antennas with omnidirectional, fan-beam, and pencil-beam patterns at the height of 1.4 m. The three TX/RX combinations are denoted by FO, FF, and FP, respectively, in which of the latter two cases the TX/RX beams are directed towards each other. In addition, we measured the channels for the cases of FF and FP with TX/RX beams misaligned by ±35
• (denoted by FF ±35 • and FP ±35 • ). In room B, only LOS channels were measured.
During measurement, the transmitter and receiver were kept stationary and there were no movement of persons in the rooms.
Received power
The received power from a transmitter at a separation distance d is related to the path loss and can be represented by
in decibels, where P t is the transmit power, G t and G r are the antenna gains at transmitter and receiver side respectively. The path loss is usually modeled over the log-distance in the following: where PL 0 gives the reference path loss at d = 1 m, n is the loss exponent, and X Ω denotes a zero mean Gaussian distributed random variable with a standard deviation Ω. The standard deviation statistically describes the variation with respect to the mean path loss at a distance. Mostly, the model parameters in (11) are empirically derived by linearly fitting the measured path loss in dB over log-distance. Figure 2 depicts the measured power level at the receiver for various antenna configurations when a unit power (0 dBm) is transmitted. The solid line shows the received power in free space. 2 Note that the abscissa axis is the travel distance of the first arrived wave, that is, the direct wave for the LOS case and the first reflected wave for the NLOS case. In this way, the scattered data can be better fitted by the logdistance model (11) , since mostly the first arrived wave will have the most significant contribution to the received power. Apparently, the measured scattered data are widely scattered around the free-space curve for the omnidirectional configurations in Figure 2 (a), due to the highly reflective environment. In contrast, for the directive antenna configurations in Figure 2 (b), the power levels are much higher and the scattered points strongly follow the free space curve, except those points close to the transmitter that are very sensitive to the (unintentional) beam pointing errors. 3 When the RX beams are misaligned intentionally by ±35
• over the boresight, the received power by the Fan-Pen configuration will drop about 25 dB due to narrower antenna beam, compared to the 4 dB drop by the Fan-Fan one. Notice that the 35
• -misalignment is about half the beamwidth of the fan-beam antenna and thus the direct path is still within the sight.
By fitting the measured data in Figure 2 to (11), we get the log-distance model parameters listed in Table 3 . Here for the case of directive configurations in Figure 2(b) , the scattered points within the distance of 2 to 3 meters are not considered during the fittings. It appears that the loss exponents are much smaller than the free-space exponent 2 for the Omn-Omn configurations, but approximately equal to 2 for the directive ones. 
K-factor, RDS, and coherence bandwidth
Figures 3 and 4 depict instantaneous K-factors and RMS delay spreads derived from the measured power delay profiles. Figure 4 (c) shows a magnified version of Figure 4 (b) so that the results can be well distinguished for directive configurations. In addition, we also estimated the coherence bandwidth B c0. 5 and B c0.9 at the correlation level 0.5 and 0.9, respectively, as shown in Figure 5 for B c0. 5 . The mean values of them are listed in Table 3 for each configuration. When calculating a K-factor, the power contributed by the dominant path is derived by adding up the powers within the resolution bin of the dominant path. The RDS is calculated from the delay profile with a dynamic range fixed at 30 dB.
For the directive configurations of Fan-Fan and FanPen, as the result of the significant suppression of multipath waves, it is observed that most of the channel parameters are in the region of K > 10, σ τ < 1.5 ns, B c0.5 > 400 MHz, and B c0.9 > 40 MHz, respectively. When the TX/RX beams are not pointing to each other, the beam-pointing errors, for example, the 35
• -misalignment for the Fan-Pen configuration, can seriously worsen the channel condition in terms of large RDSs and the enormous drop of received powers, Kfactors, and coherence bandwidth. This implies that channel configurations with wider beams are less sensitive for beampointing errors. In this case, the width of the beam has to be properly designed to prevent an enormous drop of channel quality caused by beam-pointing errors. In practice, multiple antennas can be deployed and beamforming algorithms will be used to achieve higher gain and suppress multipath effect position of the receiver, due to the absence of the direct path. In some NLOS channels, a strong wave reflected from walls appears and leads to desirable values of channel parameters. In particular, the K-factors at some NLOS positions are larger than 4, since the strongest wave reflects at the metallic cable boxes attached to the wall and is much stronger than other reflected waves.
The coherence bandwidth is strongly related to the Kfactor and the RDS, which embodies the Fourier transform relationship between the frequency autocorrelation function and the power delay profile described in Section 2. Generally speaking, the larger is the K-factor, the smaller is the RDS and thus the larger is the coherence bandwidth. For a specific shape of the power delay profile, one would expect a fixed relationship between coherence bandwidth and RDS [11] . From the measured data, we have found that for all the antenna configurations the coherence bandwidths at level 0.9 can be empirically related to the RDSs by σ τ · B c0.9 = 0.063 [14] , but the mean values of σ τ · B c0.5 are highly variant for different configurations.
Maximum excess delay and number of multipath components
Within the dynamic range of 30 dB of power delay profiles, the maximum excess delay τ max and the number of multipath components N are investigated for various measurement configurations. Multipath components are recognized from the local peaks in a profile. The values of τ max are distributed in different regions within 10 to 170 nanoseconds and so is the case for the values of N within 3 to 100, depending on the channel configurations. The mean values are summarized in Table 3 . Also, the value of N is strongly related to the value of τ max , that is, the number of multipath components will increase with the maximum excess delay. For all the measured profiles, the number of paths per nanosecond, N/τ max , has a mean value of 0.30 with a small standard deviation of 0.06. This leads to an empirical relationship N = 0.30 · τ max .
Power delay profile shape
To investigate the shape of power delay profiles for various channel configurations, we take the average over all the measured profiles for each configuration. Here, each individual measured profile is normalized by its total received power.
As an example, Figure 6 depicts the average profiles for the configurations of Omn-Omn and Fan-Pen. From these average profiles, we observe the following. (iii) In addition, under the NLOS condition, the average delay profile will be exponentially decaying without a constant part, due to the lower dependency of antenna pattern and beam misalignment.
According to the observation, the average delay profile can be modeled as a function of excess delay that consists of a direct ray, a constant part, and a linear decaying part, as shown in Figure 6 . This model was first proposed in [21] and further developed in [36] . Mathematically, the power delay profile shape of a Rician channel is modeled by
where α 0 is the amplitude of the specular path, constant part disappears, that is, τ c = 0, it becomes the commonly applied exponentially decaying channel model. Letting |α 0 | 2 = 0, Rayleigh fading channels are described.
Since the duration τ c is mainly affected by the narrowbeam antenna pattern and the beam misalignment, and the decay exponent γ is strongly related to a specific environment, particularly the reflection loss of walls, it is reasonable to assume that the product τ c γ is fixed for a specific antenna configuration in an environment. Based on this assumption, to simplify this model, here we introduce a new parameter s = τ c γ that defines the shape of a profile. When the shape parameter is known, the channel parameters {P, K, σ τ }, where P is the average channel power, can be related to the model parameters {|α 0 | 2 , Π, γ, τ c } as listed in From the measured results, the shape parameter s can be achieved by fitting the average PDP with (12) for each configuration. Then for each individual measured profile, the model parameters {|α 0 | 2 , Π, γ, τ c } can be retrieved by taking the channel parameters {P, K, σ τ } into the channel-to-model formulas in Table 4 . With these model parameters, the channel can be simulated and used for the performance evaluation of a system, as we will see in Section 4. Table 3 lists the shape parameters s and the mean values of the model parameters γ and τ c for various configurations.
SYSTEM DESIGN AND BER PERFORMANCE EVALUATION
In this section, we analyze the link budget for designing a 60 GHz system and performs simulation of an OFDM system. Based on the simulated system, the BER performance is evaluated by using the measured and modeled channels.
Link budget and scenario analysis
Examining the link budget requirement for a radio system needs to determine the required signal strength at the receiver, that is, receiver sensitivity
where C/N stands for the required carrier-to-noise ratio for demodulation, L I is the implementation loss of a transceiver and N 0 = −174 + 10 lg B + F is the thermal noise level in dB at a standard temperature 17
• with B the bandwidth in Hz and F the noise figure. By knowing the receiver sensitivity and the received power at a distance d, one can examine the link margin M = P r (d) − P RX to see whether the transmitted signal can be recovered properly.
For a coded OFDM system, a certain level of C/N is required in the receiver to achieve a proper demodulation and decoding for different constellations. Here, we take the minimum C/N level in Table 5 required for quasi-error-free reception in Rayleigh channels as a reference. 4 The values are based on comprehensive system simulations and were computed on the assumption that the channel knowledge is perfectly known in the receiver [37] . For the considered OFDM system, the code rate is 3/4 and the guard interval is one-fourth of the useful symbol duration. If L I = 2.5 dB, B = 1.28 GHz, and F = 7 dB, then one can readily calculate the receiver sensitivities as P RX = −62.7, −56.6, −51.5 dBm for the constellations of QPSK, 16-QAM, and 64-QAM, respectively.
Next we examine possible constellations of the OFDM system for the channel configurations and environments described in Section 3. Given the transmitted power P t = 10 dBm and the TX-RX separation d = 6 m, the mean received power P r (d)| d=6 can be predicted from (10) and the link margin can be determined. Table 5 lists the feasibility of the constellations for the LOS channels. In particular, for directive configurations, as long as the TX-RX beams are well aligned, the link margin is always larger than zero within a range of 6 meters for the three constellations and thus the channel bit rate up to 6 Gbps can be achieved. Actually, for the Fan-Fan and Fan-Pen configurations, the remaining link margins allow the radio coverage to be further extended. For the omnidirectional configuration with TX-RX antennas at the same height, the channel bit rate up to 4 Gbps is achievable by using 16-QAM. Additionally, by using QPSK to examine the NLOS channels, we observe that only half of the NLOS area can be covered by omnidirectional antennas. One would expect that the shadowing area can be fully covered if high gain directive antennas are applied. Table 4 : Relation between model and channel parameters when the shape parameter s is known (see [36] ). 
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Baseband design and simulation of an OFDM system
To analyze the system performance of various channel configurations and evaluate the channel model (12) for the high data rate transmission, we simulate a coded OFDM system by using the measured and modeled channels. The baseband OFDM transmission scheme is depicted in Figure 7 and the system parameters are listed in Table 6 . Before mapping to the QPSK symbols in the transmitter, the sequence of user bits undergos a 3/4 convolutional punctured encoder and then a random interleaver in bit level. With the modulation of QPSK and the IFFT/FFT length of 1024, the coded data rate can reach 2 Gbps which is the target rate proposed by the IEEE 802.15.3c task group [5] . Here, the subcarrier spacing is 1.25 MHz and the guard interval is set to be 200 nanoseconds, which are large enough to prevent the possible intercarrier-interference (ICI) caused by nonlinearities of the RFfrontend and to absorb the ISI between blocks caused by the multipath channel, respectively. During the baseband simulation, the radio channels are implemented either by the measured impulse responses or the modeled impulse responses according to the delay profile model (12) . For the modeled channels, the channel parameters of an individual realization, including K-factor, RDS, the shape parameter s, and the model parameters {|α 0 | 2 , Π, γ, τ c }, are the same as those from the measured channels. Note that each delay profile is normalized to have a unit power. Additionally, the transmitter and the receiver are considered to be stationary. But the time variation of the channel is caused by one moving object at speed 3 m/s and simulated according to the model (9) . In the receiver, additive white Gaussian noise (AWGN) is added to the received signal. The nonlinearity effects, such as phase noise and IQ imbalance caused by the RF-frontend, are not included in the simulation.
In the receiver, for the purpose of time synchronization, the received signal is correlated with a known training symbol to find the best starting point of an OFDM symbol. The training symbol is also used for the zero-forcing estimation of the channel response, which is applied for the one-tap symbol equalization before demodulation. The demodulator outputs the bitwise log-likelihood values for the alphabet of QPSK symbols, which are then used for the soft-decision Viterbi decoding. The simple channel estimation and equalization applied here are sufficient for a low-cost and lowcomplexity implementation of a 60 GHz system. There is no doubt that the system performance can be further improved by doing better channel estimation and equalization, which however will increase the implementation complexity.
BER performance analysis
The OFDM system described in Table 6 with and without coding is simulated and the BER performance is evaluated by using the measured and modeled channel impulse responses. For each set of model parameters {|α 0 | 2 , Π, γ, τ c }, we conduct 200 runs of simulation. Figures 8 and 9 depict the average uncoded-and coded-BER performance, respectively, over the receive C/N in terms of E s /N 0 (energy per symbol divided by the noise density). In addition, the difference of average BER in logarithm domain between the measured and modeled channels is also shown in the figures for each antenna configuration. The BER performance is an average over the set of the possible channel responses with a specific TX/RX antenna configuration in one room. At high C/N, the BER event might be not well observed due to a limited number of sent bits, particularly for the directive channels, but this would not affect our analysis.
First of all, we observe that the log-differences of average BERs are in the ranges of [−0.5, 0.1] and [−0.1, 0.5] for the uncoded and coded performance, respectively. The small BER differences indicate that the BER curves show a similar performances for the measured and modeled channels for most antenna configurations. It is also important to notice that the modeled channels of Fan/Pen 35
• show a more optimistic behavior than the measured ones in the uncodedand coded-BER performance. This might be caused by the strong cluster behavior in the power delay profile as shown in Figure 6 , which is not included in the single-cluster model (12) . From these observations, we conclude that the statistical delay profile models according to (12) are well behaved and thus sufficient to evaluate the system performance for various channel configurations, as long as the channel does not show a strong multiple-cluster behavior.
Next for the uncoded BER performance, the Fan-Fan and Fan-Pen configurations achieve a similar performance if the TX-RX beams are well aligned to each other, due to similar channel characteristics as seen in Section 3, and the required C/N at BER = 1 × 10 −3 is about 15 dB less than the omnidirectional ones. The big gap can be explained by the fact that the time dispersion and frequency selectivity of the directive channels are much less severer than the omnidirectional channels, as seen from Figures 3-5 . However, when the RX beam is misaligned about 35
• over the boresight, the resulting performance of Fan-Pen channels becomes rapidly worse compared to the slight performance drop of the FanFan ones, which is consistent with the enormous difference between the values of their channel parameters.
With the convolutional coding, interleaving and Viterbi decoding applied in the system, the performance is dramatically improved for omnidirectional channels compared to the lower improvement for the directive channels. This arises because the strong frequency selectivity of omnidirectional channels provides the frequency diversity to the channel, which is exploited by the decoder for error correction with the help of the interleaver. Even so, the coding gain cannot bring the system in the omnidirectional channel to a comparable performance level as in the directive ones. For instance, the Omn-Omn configuration requires at least 10 dB higher signal level than the Fan-Fan one to achieve the same BER = 1 × 10 −3 . In other words, the directive configurations will save many dBs for the link budget requirement.
In the above BER analysis, all the channels are assumed to have the same received power at each C/N. However, for physical channels, the actual received power in Figure 2 and thus the actual C/N of each configuration will be different from each other. Taking the actual C/N into account in the BER comparison, the directive configurations will further outperform the omnidirectional configurations.
CONCLUSIONS
In this paper, we analyzed the time dispersion and frequency selectivity of 60 GHz channels with various antenna configurations based on extensive channel measurements in LOS/NLOS environments. Statistical channel parameters were retrieved from measurements and compared. Particularly, the shape parameters of power delay profiles were retrieved based on a simple profile model. Next the link budget was analyzed and examined for an OFDM system with different constellations and then a baseband OFDM system was simulated to evaluate the BER performance. For the considered environments and antenna configurations, the following conclusions can be drawn from this work.
(i) The link budget analysis shows that directive configurations will provide sufficient link margins and radio coverage for high data rate communications. In this work, the Fan-Fan and Fan-Pen configurations can achieve the data rate of at least 6 Gbps within a range of 6 meters for LOS scenarios, while the Omn-Omn will achieve up to 4 Gbps. It is also preferable to use directive configurations in NLOS scenarios. (ii) For each channel configuration, the coded/uncoded BER performance agreed well for the measured and modeled channels. This confirms that the simple model of the delay profile shape and its parameters are sufficiently accurate for the evaluation of system performance for various channel configurations without a strong cluster-behavior in the channel. (iii) Since the multipath effect has been effectively suppressed, a remarkable BER performance is achieved by directive configurations and this leads to the saving of link budget as high as 10 dB compared to omnidirectional ones. Although the omnidirectional configurations can attain higher coding gain from frequency selectivity, the required C/N level is still too high to achieve the target BER in practice. (iv) The TX-RX antenna beams have to be properly aligned within the sight of each other, otherwise the beam-pointing errors will cause an enormous drop in the channel quality and BER performance. The wider beam antennas are generally less sensitive for beam-pointing errors, which indicates that a proper beamwidth has to be designed in practice.
